BACKGROUND: Despite being of great importance to crop protection, the disadvantages of intensive and inappropriate use of pesticides have stimulated the search for more selective and less harmful agrochemicals. Thus, we have evaluated the effectiveness of 16 synthetic molecules (phthalides and precursors) to control the melonworm Diaphania hyalinata, a key pest in cucurbit crops of economic importance in Brazil. The selectivity to beneficial organisms Solenopsis saevissima and Tetragonisca angustula and the phytotoxicity to Cucumis sativus of the promising insecticides were also assessed.
INTRODUCTION
Biotic factors such as animal pests, weeds and pathogens can result in significant losses in crop production. 1 According to Oliveira, 2 about 25 million t of food, fibre and biofuels is lost in the field (preharvest) owing to insect attack on major crops in Brazil, which corresponds to an annual loss of approximately $US 14.7 billion. To avoid these losses, Brazil's spending on insecticides reached $US 2.9 billion in 2011. 2 In the same year, Brazilian vegetable production hit 19.6 million t. Additionally, in 2012, Brazil was the fourth largest world producer of watermelon (Citrullus lanatus) and the ninth largest world producer of melon (Cucumis melo), which were the main horticultural products exported in 2013. 3 The melonworm, Diaphania hyalinata (Lepidoptera: Crambidae), is an insect of economic importance in crops of watermelon, melon, cucumber (Cucumis sativus), pumpkin (Cucurbita moschata) and other vegetables of Cucurbitaceae that occurs mainly in South and Central America. 4 D. hyalinata larvae feed mainly on leaves, causing indirect damage by reducing the photosynthetic area of the host plant. By feeding on fruit, the larvae create galleries on the pulp that can cause rotting and make the vegetables unusable for consumption (direct damage). 5 McSorley and Waddill 6 verified that attack of the melonworm on yellow squash (Cucurbita pepo L.) caused losses of 9% owing to consumption of the fruit and losses of 23% on fruit weight owing to consumption of shoot. 6 Recently, Mohamed and coworkers 7 investigated the level of damage caused by D. hyalinata in six species of cucurbits, the greatest damage observed being 24.9% on snake melon leaves (C. melo var. flexuous) and 46.6% on sweet melon fruits (C. melo var. cantaloupnesis). 7 Chemical control has been used as the main method for controlling D. hyalinata on vegetable crops. Although commercial insecticides such as oxadiazines, spinosyns and diamides are allowed in some Brazilian cultures, 8 the lack or the limited number of products registered for vegetable protection exposes these crops to irregular use of pesticides. 9 Moreover, the inappropriate and intensive use of pesticides results in damage to the environment, pest resistance to pesticides and lethal or sublethal effects on non-target organisms.
10 -13 The presence of beneficial organisms as natural enemies and pollinators in agricultural ecosystems is essential for integrated pest management. Ants of the genus Solenopsis, including S. saevissima (Hymenoptera: Formicidae), are predators of phytophagous arthropods and play an important role in biological control of populations of insect pests in these ecosystems. 14, 15 Bees are of great importance to agricultural crops in terms of plant reproduction and therefore the formation of fruits and seeds. 16 Despite showing great potential for use in agriculture, insecticides can interfere in plant germination and development. 17, 18 A simple and accessible method for evaluating the phytotoxicity of these pesticides comprises cucumber seed germination and root/shoot elongation tests, 19 cucumber being among the most recommended plants for this kind of bioassay 20 -22 and also a host plant of D. hyalinata.
In attempts to reduce the negative effects of insecticides, the search for more efficient, more selective and less persistent active compounds was encouraged. In addition to their use as biopesticides, natural products have been used as models for the development of synthetic pesticides. 23, 24 In this context, phthalides and derivatives have shown great potential.
Isobenzofuran-1(3H)-ones, or phthalides, are members of a group of secondary metabolites comprising a benzene ring fused to a -lactone. Until 2005, approximately 180 naturally occurring phthalides had been isolated, most of them from the Apiaceae family. 25, 26 Compounds containing -lactone, particularly naturally occurring phthalides and their synthetic analogues, exhibit not only a variety of pharmacological 27 but also phytotoxic, 28 fungicidal 29 and insecticidal activities. 30 -33 Some of these molecules are presented in Fig. 1 .
Considering the susceptibility of cucurbit vegetables to pest attack, the need for new insecticide chemicals and the promising results of our previous experiments, 33 we have been encouraged to synthesise novel isobenzofuran-1(3H)-one analogues and evaluate their insecticidal activity against the key pest D. hyalinata. The selectivity of these compounds in favour of pollinator T. angustula and predator S. saevissima and their phytotoxicity to C. sativus have been evaluated.
MATERIALS AND METHODS

Chemicals
General
Chemical structures of the evaluated compounds can be found in supporting information Fig. S1 . The most active compounds 1 and 6 are illustrated in Fig. 2 . The progress of the reactions was monitored by visualising thin-layer chromatography (TLC) plates in an ultraviolet chamber with a lamp irradiating at 254 nm. 34 All compounds were purified by column chromatography on silica gel (60-230 mesh). Melting points were obtained on an MQAPF-301 melting point apparatus and were not corrected. Infrared (IR) spectra were acquired using a Varian 660-IR spectrometer (equipped with GladiATR), using the thin-film solid method. Nuclear magnetic resonance (NMR) experiments were recorded on a Varian Mercury 300 spectrometer with CDCl 3 as solvent. The 1 H NMR chemical shifts were reported using the signal from residual CHCl 3 as reference ( = 7.27 ppm). 13 C NMR chemical shifts were reported using the signal from CDCl 3 as reference ( = 77.0 ppm). Electron impact (70 eV) mass spectra were recorded using a Shimadzu GC-MS-QP5050A. 5-Hydroxyfuran-2(5H)-one 1 was prepared as previously described. 35 (6) 5-Isopropyloxyfuran-2-(5H)-one 3 35 (507.9 mg, 3.58 mmol) and freshly distilled cyclopentadiene (1.5 mL, 18.38 mmol) were added to a round-bottom flask (25 mL). The reactants were stirred at room temperature for 96 h, and the excess cyclopentadiene was removed under reduced pressure. The crude material was purified by flash chromatography via silica gel (hexane/ethyl acetate 5:1) to afford adduct 6 as a white solid (mp 63.2-65.0 ∘ C) in 83% yield. IR (thin-film solid, cm 
(±)-(3 ,3a ,4 ,7 ,7a )-3-Isopropoxy-3a,4,7,7a-tetrahydro-4,7-methanoisobenzofuran-1(3H)-one
Insecticidal bioassays 2.2.1 General procedures
Second-instar larvae of D. hyalinata were obtained from a laboratory rearing located in the Departamento de Biologia Animal of the Universidade Federal de Viçosa (UFV), Viçosa, Minas Gerais State, Brazil. Adults of S. saevissima and T. angustula were collected from nests located on the University campus.
All doses were prepared in μmol compound g −1 insect (μmol g −1 ). The average weight of each insect was estimated by measuring the mass of ten insects on an analytical balance. Bioassays were conducted by topical application. Each solution was prepared in acetone and applied (0.5 μL) on the abdominal tergum of each individual insect with the aid of a Hamilton microsyringe (10 μL). For negative control, the insects were treated with an equal volume of acetone. As positive control, commercial insecticide chlorantraniliprole was employed at the recommended field dosage (0.015 mg active ingredient mL −1 ). After application, the insects were supplied with the appropriate food as follows: discs of chayote leaf to D. hyalinata and small pieces of cotton moistened with pure water and honey mixture (honey and water in a proportion of 1:1) placed in plastic containers (1.5 cm diameter × 1.0 cm height) to S. saevissima and T. angustula.
In all bioassays, mortality included dead individuals as well as those without movement.
Screening bioassay
The screening bioassay was performed with a dose of 107 μmol g −1 to assess the efficacy of compounds to D. hyalinata. The experimental design was completely randomised, with six replicates per treatment. Each experimental unit consisted of ten insects of D. hyalinata kept on a glass petri dish (9 cm diameter × 2 cm height) covered with organza.
Mortality was evaluated after 48 h of exposure to treatments, and only values equal to or greater than 80% were considered to be satisfactory. 36 Mortality data were subjected to analysis of variance, 37 and the averages were compared by the Scott-Knott grouping analysis test (P < 0.05).
Dose-mortality
The most active compounds were subjected to toxicity bioassays against D. hyalinata. The experimental design was completely randomised, with six replicates. Each experimental unit consisted of ten insects kept on a glass petri dish (9 cm diameter × 2 cm height) covered with organza. The dose-mortality curves for compounds 1 and 6 were constructed with six and five doses respectively. For the commercial insecticide chlorantraniliprole, six doses were used. These doses were established through preliminary bioassays with four concentrations for each compound to identify the concentration range leading to mortality greater than zero and less than 100%. Mortality was evaluated after 48 h of treatment according to previous analysis. Dose-mortality data were corrected by Abbott's method 38 and then subjected to probit analysis 39 using the PROC PROBIT procedure in SAS 37 to estimate dose-mortality curves. The curves that presented probabilities greater than 0.05 by the 2 test 40 were accepted. The lethal doses that caused 50 and 90% mortality (LD 50 and LD 90 ) were also estimated.
2.2.4
Time-mortality D. hyalinata was subjected to time-mortality bioassays when exposed to LD 90 of the most active compounds. The experimental design was completely randomised, with 12 replicates. Each experimental unit consisted of ten insects kept on a glass petri dish (9 cm diameter × 2 cm height) covered with organza. Larval mortality was recorded after 48 h. The intervals between assessments for each treatment (ranging from 30 min to 3 h) were determined previously.
Time-mortality data were subjected to survival analysis (P < 0.05) with a non-parametric Kaplan-Meier estimator 41 using the LIFETEST procedure. 37 The survival curves constructed were compared by log-rank test (P < 0.05), and the median survival times (LT 50 ) of the larvae were estimated.
Selectivity
S. saevissima and T. angustula were exposed to LD 90 of the most active compounds against D. hyalinata in order to evaluate their selectivity. The experimental design was completely randomised, with six replicates. Each experimental unit consisted of ten insects of S. saevissima and T. angustula kept on a glass petri dish (9 cm diameter × 2 cm height) covered with organza. Insect mortality was recorded after 48 h of treatment.
To evaluate selectivity, mortality of non-target species was compared with pest mortality by Student's t-test for independent samples (P < 0.05).
Phytotoxicity bioassays
The phytogrowth activities of the insecticide compounds were evaluated at 250, 125 and 50 μM on seeds of cucumber (C. sativus), with three replicates of each concentration in a completely randomised design. Each experimental unit consisted of 20 seeds kept on a petri dish (9 cm diameter × 2 cm height) containing 5 mL of test solution. The petri dishes were sealed with polyvinyl chloride (PVC) film and stored in the dark at 25 ∘ C for 5 days. An appropriate amount of compound was weighed, dissolved in dimethyl sulphoxide (DMSO) and diluted with distilled water to prepare 30 mL of an aqueous solution containing DMSO 0.3% (v/v). One-half of this solution was used in bioassays, and the other half was diluted with aqueous DMSO 0.3% (v/v) to prepare a less concentrated solution. Seeds were treated with 5 mL of aqueous DMSO 0.3% (v/v) for negative control and with the pre-emergence commercial herbicide S-metolachlor (Dual TM ) for positive control. After the germination period, seeds were digitally photographed and measured.
Phytogrowth data were presented as percentage differences from the control in a bar graph with standard deviation error bars. Thus, zero represents the control, positive values represent growth stimulation and negative values represent growth inhibition.
RESULTS
Toxicity to the insect pest D. hyalinata
Significant differences in the mortality data of D. hyalinata (F 17,90 = 65.596; P = 0.000) were observed after 48 h of exposure to the treatments, and the evaluated compounds could be separated into five main groups (Fig. 3) . The most active compounds 1 and 6 provided 91 and 88% mortality respectively, being statistically equivalent to chlorantraniliprole (Cap) at the recommended field dose. Compound 2 was slightly active, causing 60% mortality. In turn, compound 9 caused just 26% mortality. Finally, mortality afforded by compounds 3, 5, 7, 10, 11 and 16 ranged from 7 to 13%, and compounds 4, 8 and 12 to 15 were as active as the negative control (0-4%).
The most active compounds (1 and 6) were subjected to further analysis to find the response of the insects by varying their dose. The resulting dose-mortality curves show low 2 values (<5.94) and high P values (>0.11), indicating data adequacy to the PROBIT model used to estimate the mortality curves (Fig. 4 and Table 1 ). The doses required to kill 50% (LD 50 ) and 90% (LD 90 ) of the larvae were also estimated. Compound 1 (LD 50 = 15.99 μmol g −1 ) is almost 3 times more toxic than compound 6 (LD 50 = 44.51 μmol g −1 ) and exhibits the lowest slope (1.92) of the dose-mortality curves (Table 1) . Under the same conditions, the LD 50 wileyonlinelibrary.com/journal/ps Survival analysis of D. hyalinata exposed to the control (acetone) and to more active compounds (1 and 6) indicated significant differences among treatments (log-rank test: 2 = 90.591; df = 2; P < 0.001). The survival of D. hyalinata was 95% in the control after 2600 min of exposure, while compounds 1 and 6 led to 80% mortality in the same time (Fig. 5) . Despite this, the median survival time (LT 50 ) observed for compound 6 (840 min) is twice the observed time for compound 1 (420 min).
Selectivity to non-target organisms
The mortality of S. saevissima exposed to compounds 1 and 6 was 26 and 36% respectively. These values are lower than the values observed for D. hyalinata (80 and 83% for compounds 1 and 6 respectively) and are also significantly different, indicating that compound 1 (t 10 = 12.28; P < 0.001) and compound 6 (t 10 = 7.68; P < 0.001) are selective in favour of the predator (Fig. 6) . On the other hand, compounds 1 and 6 are non-selective to T. angustula, as pollinator mortality was 100 and 93% respectively (Fig. 6 ).
Phytotoxicity
As expected, S-metolachlor (Dual TM ) was the most efficient against root development at all evaluated concentrations, providing inhibition of 70, 70 and 65% of the cucumber radicle at concentrations of 250, 125 and 50 μM respectively (Fig. 7) . In the aerial parts, the commercial herbicide provided inhibitions of 25, 24 and 7% at 250, 125 and 50 μM respectively. On the other hand, compounds 1 and 6 afforded a maximum of 10% inhibition at all concentrations.
Compound 1 inhibited growth of shoots at 125 μM (7.3%) and 50 μM (9.1%) but stimulated the growth at 250 μM (2.3%). In the roots, this compound stimulated a small growth at all concentrations (1.7-2.5%). In turn, compound 6 inhibited the root (3.8-10%) and stimulated the shoot (0.2-6.2%) at all concentrations.
DISCUSSION
Although compound 2 caused reasonable mortality (60%) during screening bioassays, only values of 90 ± 10% are considered to be satisfactory according to the recommendation of the Brazilian Health Surveillance Agency for tests of efficacy on pest control products. 36 The high mortality values provided by compound 1 (93%) and compound 6 (88%) make them lead compounds for controlling the insect pest D. hyalinata.
The slope of the dose-mortality curve generated for compound 6 (4.10) was higher than that observed for compound 1 (1.92), indicating a more homogeneous response of the D. hyalinata population exposed to compound 6. 42 This means that a small variation in the dose of compound 6 promotes wide variations in pest mortality, increasing the risk of failures in the control. Beyond that, compound 1 was more toxic than compound 6 (smaller LD 50 ), so the cost of pest control employing compound 1 tends to be lower. Both compounds showed fast-acting control (less than 24 h) in the survival analysis, a desirable quality for chemical control of large infestations.
An insecticide can be physiologically or ecologically selective. 43 It is physiologically selective if the insecticide is more toxic to the pest than to a non-target organism, depending on physiological factors such as penetration, sequestration, excretion and detoxification and the target site of these pesticides in each organism. Ecological selectivity is characterised by minimisation of the contact between the insecticide and non-target organism. Risk assessment to beneficial species was the same for both compounds: physiologically selective in favour of the predator S. saevissima and non-selective to the pollinator T. angustula. Once bees are common pollinators of cucurbits, 44 -46 treatment with . Mortality (mean ± standard error) of the insect pest Diaphania hyalinata and the non-target organisms Solenopsis saevissima and Tetragonisca angustula after 48 h of exposure to LD 90 of compounds 1 and 6. * These treatments caused higher mortality to the pest than to non-target organisms according to the t-test (P < 0.05). Control = acetone.
insecticides can be performed provided that such insects are not active at the time of application. Lastly, both compounds have presented no considerable phytotoxicity to C. sativus, even in concentrations higher than their LD 90 estimated for D. hyalinata, which indicates that they can be used in cucurbit crops.
The toxicity level of an insecticide depends on its physicochemical properties and factors such as rate of penetration, mechanism of action, decomposition and excretion. 47, 48 Owing to affinity, non-polar molecules tend to penetrate into the insect's lipophilic cuticle at higher rates, 48 but, for this work, the polarity cannot be regarded as decisive for the activity of compounds, as butenolide 1 is more polar and more active than phthalide 6. Although any generalisation based on the functionality and skeletal type of these compounds is difficult to make, the highest activity of molecule 1 can be related to the presence of the double bond conjugated with the carbonyl group, as the unsaturated lactone is an electrophilic centre of biological targets such as enzymes. 49, 50 Flupyradifurone is the only butenolide insecticide ever registered. 51 It acts reversibly as an agonist on insect nicotinic acetylcholine receptors (nAChRs) and has a pharmacophore system containing a nitrogen atom attached to the double bond, similarly to other nAChR agonists and in contrast to compound 1.
CONCLUSIONS
We have evaluated the efficacy of 13 synthetic phthalides and three precursors to control the melonworm, D. hyalinata, and assessed the toxicity of the most active compounds to the predator S. saevissima, the pollinator T. angustula and the host plant C. sativus. The results have indicated that butenolide 1 and phthalide 6 are effective in controlling the melonworm, especially when quickness is required. The compounds also exhibited low toxicity to the predator and to the host-plant seeds, which are important attributes when considering potential agricultural defences for pest control. However, exposure of the bees to these compounds should be avoided.
